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. $d$ , $w$ , ,
, ,
$\delta$ . $\delta T$ . 2
, . ,
. , , .
. $u$ $=$ 0, (1)
$\frac{\partial u}{\partial t}+(u\cdot\nabla)u$ $=$ $-\nabla p+PrRaT\mathrm{e}_{z}+Pr\triangle u$ , (2)
$\frac{\partial T}{\partial t}+(.u\cdot\nabla)T$ $=$ $\Delta T$. (3)
$A$ ,
$Ra$ , $Pr$ $\delta$ .
$A= \frac{w}{d’}$
$Ra= \frac{\gamma g\delta Td^{3}}{\nu\kappa}$ , $Pr= \frac{\nu}{\kappa}$ . (4)
$\kappa$ , $\nu$ , $\gamma$ , $g$
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2 , $\psi$
. , $\theta$ , $T\ovalbox{\tt\small REJECT} z^{9}+\theta$ .
(2) (3) ,
.
$\triangle^{2}\psi=Ra\frac{1}{A}\frac{\partial\theta}{\partial x}$ , (5)
$\Delta\theta=\frac{1}{A}\frac{\partial\psi}{\partial x}$ . (6)




$\psi=\frac{\partial\psi}{\partial z}=\theta=0$ $(z=- \frac{1}{2}, \frac{1}{2})$ (7)
. , , \mbox{\boldmath $\delta$}(
$\delta=0$ , $\delta=1$ ) ,
.
$\psi=\delta\frac{\partial\psi}{\partial x}\pm\frac{1}{A}(1-\delta)\frac{\partial^{2}\psi}{\partial x^{2}}=\frac{\partial\theta}{\partial x}=0$ $(x=- \frac{1}{2}, \frac{1}{2})$ . (8)
3.
3.1
2 , (5) (6) (7)
(8) . , $\psi$ $\theta$
.
$\psi$ $=$ $\sum_{n=0}^{N+3}a_{n}T_{n}(2x/A)\cos(\pi z)$ ,
$\theta$ $=$ $\sum_{n=0}^{N-1}b_{n}H_{n}(2x/A)(x)\cos(\pi z)$ . (9)




. (5) (6) , –
. (5) $a_{n}(n=0,1, \ldots, N+3)$ ,
$b_{n}(n=0,1, \ldots, N-1)$ $N+4$ , (6) $N$
. 4 $a_{n}$
. 4 $a_{N},$ $a_{N+1},$ $a_{N+2},$ $a_{N+3}$
$a={}^{t}(a_{0}, a_{1}, \ldots a_{n-1}),$ $b={}^{t}(b_{0}, b_{1}, \ldots b_{n-1})$
. .
$Aa$ $=$ RaBb, (10)
$Cb$ $=$ Da. (11)
, $A,$ $B,$ $C,$ $D$ $N\cross N$ . 2 ,
$(BC^{-1}D)^{-1}Aa=Raa$ , (12)








, 1 . , ,
.
V $\mathrm{a}$ , .
2 , $(\delta=0)$ .
, $\delta$ , ,
,
, $\delta=0$ . $\delta=0$
, 1 3 $A\simeq 2.531$ , $\delta\neq 0$
$A_{0}$ . , $\delta$ ,
. 3 $A_{0}$ 1 3
. , 2 1 $\delta$ , $A_{0}$
$Ra_{0}\simeq 964.5$ .
$\delta=0.5$ $A=2.5$ $A=2.6$ 1 3
4 . 3 $(\mathrm{a})-(\mathrm{b})$
, 3 1 ,
37
2: Neutral Rayleigh numbers against the aspect ratio. (a): stress-free bound-
aries at the side walls. $(\delta=0.0)$ . $(\mathrm{b}):\delta=0.5(\mathrm{c}):\delta=0.8(\mathrm{d}):$ non-slip boundaries at
the side walls. $(\delta=1.0)$ .
$Ra_{\mathrm{c}}$
$A$
3: Enlargement of Fig. 2 near the intersection between modes 1 and 3 $(A_{0}\simeq$
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4: Flow patterns of the disturbance. $\delta=0.5(\mathrm{a}):A=2.5$ , mode 1(b): $A=2.6$ ,
mode 3(c): $A=2.5$ , mode 3(d): $A=2.6$ , mode 1






, 1 3 , $(A, Ra)=(A_{0}, Ra_{0})$
, 2
. ,
$A_{0}$ $\epsilon=A-A_{0}$ $\delta$ .
(5) (6) .
$Mf=RaLf$ , (13)
$M=(\begin{array}{ll}\Delta^{2} 0-(1/A)\partial_{x} \Delta\end{array})$ , $L=(\begin{array}{ll}0 (\mathrm{l}/A)\partial_{x}0 0\end{array})$ , $f=(\begin{array}{l}\psi\theta\end{array})$ . (14)
(13) (3) (4) , (3)
$\delta$ , (4) .
$Pf=0$, $(x=- \frac{1}{2}, \frac{1}{2})$ . (15)
$M,$ $L$ $\delta$ , $\epsilon$ , 1 .
$M=M_{0}+\epsilon M_{1}$ , $L=L_{0}+\epsilon L_{1}$ . (16)
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$(-4/A8)\cdot+(4/A8)\varphi\{\ovalbox{\tt\small REJECT}$ 0 0
$M,$ $\ovalbox{\tt\small REJECT}$ , $L_{1}\ovalbox{\tt\small REJECT}$
$(1/A\downarrow)\mathit{0}_{x}$ $-(2/A8)\ovalbox{\tt\small REJECT}$ 0
$-(1X)\partial_{x})$ .
(17)
, (15) $\delta$ , 1 .
$P=P_{0}+\delta P_{2}$ , $(x=- \frac{1}{2}, \frac{1}{2})$ , (18)
$P_{0}=(\begin{array}{ll}\partial_{x}^{2} 00 \partial_{x}\end{array})$ , $P_{2}=(\begin{array}{ll}\partial_{x}\mp\partial_{x}^{2} 00 0\end{array})$ . (19)
$f$ $Ra$ $\epsilon$ $\delta$ , 1
.
$f=f_{0}^{(1)}+f_{0}^{(3)}+\epsilon f_{1}+\delta f_{2}$ ,
$Ra=Ra_{0}+\epsilon Ra_{1}+\delta Ra_{2}$ . (20)
(16) (20) (13) $O(1)$ ,
$M_{0}f_{0}^{(i)}=Ra_{0}L_{0}f_{0}^{(i)}$ (21)
. , H 1 3 , 1 3 .
(18) (20) (15) .
$P_{0}f_{0}^{(i)}=0$ , $(x=- \frac{1}{2}, \frac{1}{2})$ . (22)
(21) (22) $A=A_{0}(=2.531)$
. 2 , $Ra=964.5$ .
$f_{0}^{(1)}$ $f_{0}^{(3)}$ .
$f_{0}^{(i)}=a^{(i)}g_{0}^{(i)}$ ,
$g_{0}^{(i)}=(\begin{array}{l}\mathrm{c}\mathrm{o}\mathrm{s}(i\pi x)\mathrm{c}\mathrm{o}\mathrm{s}(\pi z)\frac{iA_{0}\mathrm{s}\mathrm{i}\mathrm{n}(i\pi x)\mathrm{c}\mathrm{o}\mathrm{s}(\pi z)}{\pi(A_{0}^{2}+i^{2})}\end{array})$ , $(i=1,3)$ . (23)
$f_{0}^{(i)}$ $O(\epsilon)$ , $f_{1}$
.
$M_{1}f_{1}-Ra_{0}\dot{L}_{0}f_{1}=(-M_{0}+Ra_{0}L_{1}+Ra_{1}L_{0})(a^{(1)}g_{0}^{(1)}+a^{(3)}g_{0}^{(3)})$ , (24)
$P_{0}f_{1}=0$ , $(x=- \frac{1}{2}, \frac{1}{2})$ . (25)
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(24) $Ra_{1}$ . (24) $f_{0}^{(i)}$
$f_{0}^{|(i)}$ , $\cdot$ $(-1/2\leq x\leq 1/2, -1/2\leq z\leq 1/2)$
. 1 3
$Ra_{1}^{(1)}=453.3$ $Ra_{1}^{(3)}=$ -573.3 . $Ra_{1}$ (24)
, (25) , $f_{1}$ , 1
3 $f_{1}^{(1)}$ $f_{1}^{(3)}$ ,





$P_{0}f_{2}+P_{2}(f_{0}^{(1)}+f_{0}^{(3)})=0$ , $(x=- \frac{1}{2}, \frac{1}{2})$ . (28)
(27) , (27) $f_{0}^{\dagger(1)}$ $f_{0}^{\mathrm{t}(3)}$ ,
.
$E(\begin{array}{l}a^{(1)}a^{(3)}\end{array})=Ra_{2}F(\begin{array}{l}a^{(1)}a^{(3)}\end{array})$ . (29)
, $E$ $F$ 2 $\cross 2$ . (29) $E$ $F$
, $Ra_{2}$ , $Ra_{2}=0$ $Ra_{2}=55.54$
. $Ra_{2}^{(\alpha)}=0$ $Ra_{2}^{(\beta)}=55.54$
. $Ra_{2}^{(\alpha)}$ $Ra_{2}^{(\beta)}$ (27) ,
$f_{2}^{(\alpha)}$ $f_{2}^{(\beta)}$ . $Ra_{2}^{(\alpha)}=0$ , $f_{2}^{(\alpha)}=^{t}(0,0)$ ,
$Ra_{2}^{(\beta)}=55.54$ , .
$f_{2}=f_{2}^{(\beta)}=a^{(1)}g_{2}^{(1)}+a^{(3)}g_{2}^{(3)}$ ,
$g_{2}^{(i)}= \frac{iRa_{i2}\cos(\pi z)}{4\pi^{3}\cosh(\lambda/2)(A_{0}^{6}-3i^{2}A_{0}^{2}-2i^{5})}(\begin{array}{l}g_{21}^{(i)}g_{22}^{(i)}\end{array})$ ,
$g_{21}^{(i)}$ $=$ $2i^{2}A_{0}^{4}x\cosh(\lambda/2)\sin(i\pi x)\pm\cosh(\lambda x)$ ,
$g_{22}^{(i)}$ $=$
$-[\pi^{2}(2A_{0}^{4}--i^{3})\lambda\sin(i\pi x)\pm i^{2}(A_{0}^{2}\pi^{2}-\lambda^{2})^{2}\sinh(\lambda x)\underline{A_{0}}$
$Ra_{i0}$
$+2\pi^{3}i(A_{0}^{2}+i^{2})^{2}\lambda\cos(\lambda/2)x.\cos(.i\pi. x).]$ , $(i=.\overline{1}, 3)$ . :(30)
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, $i=1$ 3 .
$f_{0},$ $f_{1},$ $f_{2}$ (20) , $f_{0}^{\uparrow(1)}$ $f_{0}^{\uparrow(3)}$
, , $a^{(1)},$ $a^{(3)}$
. $\epsilon$ $\delta$ ,
.
$(\begin{array}{ll}p_{1\mathrm{l}}+\epsilon q_{11}+\delta r_{1\mathrm{l}} \delta r_{13}\delta r_{31} p_{33}+\epsilon q_{33}+\delta r_{33}\end{array})(\begin{array}{l}a^{(1)}a^{(3)}\end{array})$
$=Ra(\begin{array}{ll}s_{11}+\epsilon t_{1\mathrm{l}}+\delta u_{11} \delta u_{13}\delta u_{3\mathrm{l}} s_{33}+\epsilon t_{33}+\delta u_{33}\end{array})(\begin{array}{l}a^{(1)}a^{(3)}\end{array})$. (31)
(31) , $\epsilon$ $\delta$
.
$(\begin{array}{ll}P_{\mathrm{l}1}+\epsilon Q_{11}+\delta R_{\mathrm{l}\mathrm{l}} \delta R_{\mathrm{l}3}\delta R_{3\mathrm{l}} P_{33}+\epsilon Q_{33}+\delta R_{33}\end{array})(\begin{array}{l}a^{(\mathrm{l})}a^{(3)}\end{array})=Ra(\begin{array}{l}a^{(\mathrm{l})}a^{(3)}\end{array})$ , (32)
(32) , $P_{11}=P_{33}=964.3$ ,
$Q_{11}=453.3,$ $Q_{33}=-573.4,$ $R_{11}=18.03,$ $R_{13}=-54.10,$ $R_{31}=-12.50,$ $R_{33}=$
37.51 . $Ra$ (32)
.
, $\delta=0$ , .
, 2 $\epsilon$ ,





, . , (32)
. (32) $Ra$ $\delta=0.1$ , 02, 03 .











5: Neutral curves near the intersection between modes 1 and 3. Solid line:
perturbation analysis. Dotted line: numerical simulation.
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